In this study, polymethyl methacrylate (PMMA) thin films incorporated with biofabricated silver nanoparticles were used to evaluate the in vitro antimicrobial and antibiofilm activity against the cariogenic bacterium Streptococcus mutans. For this, silver nanoparticles (AgNPs) were generated using Bacillus amyloliquefaciens SJ14 culture (MAgNPs) and extract from Curcuma aromatica rhizome (CAgNPs). The AgNPs were further characterized by UV-Vis spectroscopy and high-resolution transmission electron microscopy. The minimum inhibitory concentration, minimum bactericidal concentration and antibiofilm activity of AgNPs against S. mutans were also assessed. Here, MAgNPs were found to have superior antimicrobial activity when compared to CAgNPs. The MAgNPs and CAgNPs also demonstrated 99% and 94% inhibition of biofilm formation of S. mutans at concentrations of 3 µg/mL and 50 µg/mL, respectively. The AgNPs were further incorporated into PMMA thin films using solvent casting method. The thin films were also characterized by scanning electron microscopy and UV-Vis spectroscopy. Subsequently, both PMMA/MAgNPs and PMMA/CAgNPs nanocomposite thin films were subjected to antimicrobial and antibiofilm analysis. The microbicidal activity was found to be higher for the PMMA/MAgNPs thin film, which highlights the potency of microbially synthesized AgNPs as excellent agents to inhibit cariogenic bacteria from colonising dental restorative material.
Introduction
Dental restorative composites mainly consist of methacrylate resins and various kinds of fillers which enhance their mechanical, antimicrobial, optical and aesthetic properties (Babu et al. 2016; Dionysopoulos et al. 2017) . Dental adhesives facilitate the binding of composites to the dentin and form an interlocked interface by penetrating into the dentin tubules. Polymethyl methacrylate (PMMA), a transparent thermoplastic has been widely used as a constituent of dental material (Takeyama et al. 1978) . Its acceptance in dentistry is due to its reliability, biocompatibility, low cost, easy availability, and the ease of modification (Frazer et al. 2005; Peters et al. 2018; Lee et al. 2018) . However, one of the challenges with its application is the microbial biofilm formation at the dentin-adhesive interface leading to the failure of dental restoratives (Marashdeh et al. 2018) .The biofilm formation in the oral cavity is generally favored by the presence of moisture and nutrients (Saini et al. 2011; Dias et al. 2017 ). Due to this, cariogenic bacteria like Streptococcus mutans forms one of the major culprits responsible for the failure of dental restorative material. The organism has been known to have preference to grow both on tooth surfaces and on surfaces of dental implant (Loesche 1986 ). There is high demand to develop engineered dental restorative materials with antimicrobial potential because of the increasing antibiotic resistance among these microorganisms (Garcia et al. 2017) .
Among the diverse antimicrobials, silver has been widely considered to have low toxicity to humans and broad spectrum antagonistic effect on pathogenic microbes (Clement and Jarrett 1994) . Especially in the past few decades, silver in the form of silver nanoparticles (AgNPs) has gained widespread acceptance as a promising antimicrobial, due to its enhanced nano-based properties. Due to this, many AgNPs based consumer products are available in the market. Silver nanoparticles (AgNPs) are synthesized extensively by chemical, physical and biological methods. Eventhough some studies indicate the concern with oxidative stress and associated complications for chemically synthesized silver ions (Srivastava et al. 2012) , generally the effect can be concentration dependent. Hopefully, the biologically synthesized nanoparticles which are capped with bio-molecules of microbial or plant origin can be considered to have less toxic effects. The green synthesis methods involve the use of ecofriendly reductants and capping agents such as proteins, peptides, carbohydrates, plant extract, bacteria, fungi and algae. The relative ease with genetic and cultural manipulations make the bacterial system attractive for enhanced nanoparticle synthesis (Parikh et al. 2008 (Parikh et al. , 2011 . Mainly the peptides and carbohydrates present in biomaterials have been demonstrated to have stabilizing effect on the synthesized nanoparticle. These bio-based AgNPs are particularly attractive owing to their higher stability, lower toxicity, and ease with which biomaterials can be handled and manipulated for nanoparticles synthesis (Ge et al. 2014; Saifuddin et al. 2009 ).
Considering the advantages of the biofabricated AgNPs, current study was designed to compare and evaluate the microbicidal properties of AgNPs prepared by two biogenic routes to explore their application against S. mutans. For this, the antimicrobial and antibiofilm properties of AgNPs prepared using Curcuma aromatica extract and Bacillus amyloliquefaciens SJ14 culture were initially analyzed. Then these AgNPs were immobilized into PMMA matrix to study their in vitro effectiveness against S. mutans. The results of the study showed superior efficiency of microbially synthesized AgNPs over the phytoformulated AgNPs to act against S. mutans. Many previous studies have already reported the efficiency, stability and enhanced activity of microbially synthesized NPs when compared to those prepared by chemical methods (Saifuddin et al. 2009; Antony et al. 2011; Thomas et al. 2017) . However, the current results indicate the need to explore diverse biogenic AgNPs to identify the one with optimal performance. Here, microbially generated AgNPs (MAgNPs) were found to have enhanced effectiveness to manage S. mutans, a common dental pathogen.
Materials and methods

Biosynthesis of AgNPs using bacteria and Curcuma aromatica rhizome extract
For the bacterial synthesis of silver nanoparticles, B. amyloliquefaciens SJ14 which was characterized previously for AgNPs synthesis by our group (Das et al. 2014) , was selected. The bacterial strain was obtained from heavy metal contaminated area in Kochi, Kerala, India. For the AgNP synthesis, the bacterial isolate was inoculated into 100 mL nutrient broth (0.5% peptone, 0.15% beef extract, 0.15% yeast extract and 1% NaCl, pH 7) and the biomass was collected by centrifugation at 10,000 rpm after incubation at room temperature for 24 h in a rotating shaker set at 200 rpm. For the synthesis of AgNPs, about 2 g of bacterial wet biomass was mixed with 100 mL aqueous solution of filter sterilized 1 mM AgNO 3 and kept under visible light (Thomas et al. 2015) . The AgNPs (MAgNPs) formed were purified and then characterized using UV-Vis spectroscopy (Shimadzu UV 2600 Spectrophotometer) and high-resolution transmission electron microscopy (JEOL 2100-HRTEM).
For the biosynthesis of AgNPs using C. aromatica rhizome, the plant material was purchased from Indian Institute of Spices Research (IISR), Kozhikode, Kerala, India. The rhizomes were washed to remove the adhering mud particles and impurities. 20 g of the rhizome was cut into small pieces and pulverized with a mortar and pestle. The ground material was squeezed through muslin cloth and was filtered using Whatmann No. 1 filter paper. For AgNPs synthesis, 45 mL of Milli-Q Ultrapure water was mixed with 5 mL of C. aromatica rhizome extract and AgNO 3 at a final concentration of 1 mM. This mixture was then incubated in the presence of fluorescent light. The extract without AgNO 3 was also maintained under similar conditions as control (Shameli et al. 2012; Velmurugan et al. 2014) . The AgNPs (CAgNPs) formed were purified and characterized as described above.
Antibacterial activity of AgNPs against Streptococcus mutans
Minimum inhibitory concentration (MIC) by Resazurin-based 96-well plate microdilution method
The minimum inhibitory concentration (MIC) of synthesized AgNPs was analyzed by micro-broth dilution method as per the guidelines of the Clinical Laboratory Standards Institute (CLSI) using 96-well microtiter plates. The bacterial pathogen S. mutans (MTCC 497) was cultured in Brain Heart Infusion (BHI) broth at 37 °C. The overnight culture was further diluted with BHI broth to obtain a bacterial cell density of 10 8 CFU/mL or 0.5 McFarland standard. The MIC of AgNPs against S. mutans was determined in BHI broth using serial twofold dilutions of AgNPs in a concentration range of 250-0.48 µg/mL. Growth and sterility control wells were also maintained in the micro titer plate. After the incubation at 37 °C for 24 h, 30 µL of resazurin (0.015%) was added to all the wells and incubated for 2-4 h. The wells with no color change (blue resazurin color remained unchanged) were scored as above MIC value. The assays were performed in triplicates to confirm the value of MIC of AgNPs against S. mutans (Elshikh et al. 2016) .
Minimum bactericidal concentration (MBC)
The minimum bactericidal concentration (MBC) was determined by spread plating S. mutans (MTCC 497) culture from the wells with concentrations higher than the MIC value on the BHI agar plates followed by incubation at 37 °C for 24 h. The concentration at which the bacteria were completely killed was considered as MBC (Araruna et al. 2013 ).
Antibiofilm activity of AgNPs against Streptococcus mutans
The antibiofilm potential of both MAgNPs and CAgNPs against S. mutans was analyzed by tissue culture plate (TCP) method. Here, the organism was inoculated into BHI medium and incubated at 37 °C for 24 h. The cultures were then serially diluted to 1:100 in fresh liquid medium in a 96-well polystyrene microtiter plate. This was further treated with five different concentrations of AgNPs (100-6.25 µg/mL) followed by incubation at 37 °C for 24 h. After this, the unattached cells were removed, and the wells were washed twice with phosphate buffer saline (PBS). The attached cells were further stained with 0.1% crystal violet for 20 min. Excess stain was removed by thorough washing with de-ionised water and the plate was air dried. For the quantification of antibiofilm activity of AgNPs, the adherent bacteria associated with crystal violet were solubilized with 95% ethanol, and the absorbance were recorded at 590 nm using microplate reader (Thermo scientific Varioskan Flash Multimode reader). The obtained optical density (OD) value was considered as an index of bacterial ability to adhere to the surface and thereby facilitate biofilm formation as per the following equation (Christensen et al. 1985) . This assay was performed in triplicates. The average value and the standard deviation of the data were calculated and were compared using the Tukey test. A p value less than 0.05 was considered statistically significant.
Preparation of PMMA membranes
Poly (methyl methacrylate) powder purchased from SigmaAldrich (Mw ~ 1,20,000, d 1.188 g/mL at 25 °C) was dissolved in chloroform at a 14 wt% concentration by mechanical stirring for 6 h. This solution was then casted onto glass Petri dishes and allowed to dry at room temperature overnight. The dried membrane was peeled for further characterization studies. For the preparation of PMMA/MAgNP membrane, 3.5% of MAgNPs were added into the PMMA solution, stirred for 6 h, casted onto glass Petri dish and dried at room temperature overnight. Likewise PMMA/ CAgNP membrane was prepared using 3.5% of CAgNPs.
Surface morphology of membranes
The surface features of the fabricated membranes were analyzed using scanning electron microscopy (SEM). The neat PMMA and PMMA/AgNP nanocomposite membranes were carefully sectioned into 3 × 0.5 mm pieces and were mounted on specimen stubs. These were coated with platinum in a sputter coater and examined under JEOL 6390 SEM JSM at 10 kV.
UV-Vis spectroscopy
The prepared membranes were also characterized using UV-Vis spectrophotometer (Agilent Cary 5000) as described earlier (Mathew et al. 2018 ).
Antibacterial activity against Streptococcus mutans
The antibacterial activity of developed PMMA/AgNP nanocomposites was evaluated against S. mutans by standard disc diffusion method using BHI agar plates. For this, S. mutans was cultured in brain heart infusion (BHI) broth at 37 °C for 24 h. This was followed by diluting the bacterial culture in BHI broth to get a culture density equivalent to a 0.5 McFarland standard. The culture was then swabbed uniformly onto the individual plates using sterile cotton swabs to create a (2) % of inhibition = OD control − OD treated OD control × 100.
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Antibiofilm potential analysis of PMMA/AgNPs membranes by scanning electron microscopy
The efficacy of developed membranes to inhibit the biofilm formation by S. mutans was examined by SEM analysis. The neat PMMA and AgNPs incorporated PMMA membrane discs were aseptically introduced into BHI broth, inoculated with S. mutans and incubated at 37 °C for 48 h. The culture samples were then fixed in a solution of 2.5% glutaraldehyde prepared in 0.1 M sodium phosphate buffer (pH 7.3) for 2 h followed by wash with 0.1 M sodium phosphate buffer (pH 7.3). Samples were further dehydrated by passing through 30%, 50%, and 80% and 100% ethanol each for 10 min. Dried samples were then coated with platinum in a sputter coater and examined under JEOL 6390 SEM JSM at 20 kV in different magnifications (Agarwala et al. 2014) .
Results
Characterization of biologically synthesized silver nanoparticles
On carrying out the UV-Vis absorption measurement, both the biogenic silver nanoparticles (CAgNPs and MAgNPs)
were found to have characteristic absorption peak at 420 nm ( Fig. 1) (Shameli et al. 2012; Quaresma et al. 2009 ).
Characterization of microbially synthesized silver nanoparticles (MAgNPs)
From the TEM micrographs, MAgNPs were observed to be associated with microbial remnants. These also revealed the irregular shapes of the nanoparticles with majority having a size range of 10-30 nm (Fig. 2) .
Characterization of Curcuma aromatic extract fabricated modified silver nanoparticles (CAgNPs)
The CAgNPs were appeared to be dispersed in a matrix of plant extract as observed in the TEM images. The nanoparticle populations were predominantly circular with rods and triangles dispersed in between. More than 50% of the nanoparticles were observed to have diameters ranging from 20 to 40 nm (Fig. 3) . The MIC and MBC analysis (Table 1) showed the MAgNPs to have twofold higher efficiency when compared to CAgNPs in their antimicrobial properties. Only 3.9 µg/mL of MAgNPs was required to inhibit S. mutans when compared to the 7.8 µg/mL of CAgNPs required to achieve the same. Similarly, MAgNPs exhibited bactericidal activity at a concentration of 62.5 µg/mL, whereas 125 µg/mL of CAgNPs was required for killing S. mutans.
Comparative antibiofilm activity of two types of AgNPs (Fig. 4) showed excellent antibiofilm properties of AgNPs. At 50 µg/mL concentration, MAgNPs showed 99% inhibition and CAgNPs showed 94% inhibition (Fig. 4) . The neat PMMA membrane exhibited solvent evaporation-induced circular blind pores of approximately 5-10 µm diameter. The pores were observed throughout the surface of the membrane and the areas surrounding the pores appeared smooth. However, upon addition of the filler, the numbers of pores were drastically reduced and the surface showed large pores. The surface of the membrane and the areas surrounding the large pores appeared to be surrounded by white aggregates, which could be the AgNPs incorporated in the membrane (Fig. 5) . The majority of the MAgNPs appeared to be surrounding the pores of PMMA and the CAgNPs were found to be accumulated in the cavity of the pores (Qian et al. 2010) .
The incorporation of MAgNPs and CAgNPs in the PMMA matrix was also confirmed by UV-Vis spectroscopy. The UV-Vis spectra (Fig. 6) , showed the SPR peak of AgNPs embedded in the PMMA matrix. The absorption peaks of both the nanoparticles were found to be broadened upon incorporation into the PMMA matrix (Mei et al. 2014 ).
The membranes were examined for antimicrobial activity against S. mutans, a common pathogen of the oral cavity. After 24 h incubation, the CAgNPs incorporated PMMA membrane exhibited less activity against the test organism, whereas the MAgNPs exhibited significant antimicrobial activity as indicated by a zone of inhibition of 12 mm (Fig. 7) .
The antibiofilm properties of the membrane incorporated NPs were evident from the SEM micrographs (Fig. 8) . The neat PMMA membrane harbored microbial biofilms which can be clearly observed in Fig. 8a-c . The well-developed bacterial biofilm colonies can be observed in Fig. 8c . Both the nanocomposite membranes significantly hindered the growth and biofilm forming ability of the S. mutans. 
Discussion
Engineering of dental restorative composites for antimicrobial properties is of great interest due to increasing reports on plaque formation, which can be attributed primarily due to bacterial biofilm and its associated debris. Hence in this study, antimicrobial and antibiofilm properties of biofabricated AgNPs embedded polymethyl methacrylate (PMMA) were analyzed. The UV-Vis and TEM results of biofabricated AgNPs confirmed its nanoscale size. Also, the SPR peaks, characteristic of AgNPs could be clearly observed for both MAgNPs and CAgNPs. Since the same has been described as confirmatory to AgNPs in many previous studies, the presence of AgNPs in both the preparations could be confirmed (Thomas et al. 2012 (Thomas et al. , 2015 . The TEM micrographs of MAgNPs showed increased aggregation when compared to CAgNPs. Here, the particle size of the CAgNPs also appeared to be larger than that of MAgNPs. The MIC and MBC analysis results also showed differences in activities of MAgNPs and CAgNPs. The MAgNPs were found to be more potent than CAgNPs because only about half the amount of MAgNPs was required to inhibit and kill S. mutans when compared to the CAgNPs. This could be attributed to the increased surface area of the MAgNPs due to its smaller size than CAgNPs. Here, (Shrivastava et al. 2007 ). Upon studying the antibiofilm properties of the NPs, MAgNPs inhibited the biofilm formation better than the CAgNPs. At 50 µg/mL concentration, MAgNPs was found to completely eliminate the formation of microbial biofilm as evidenced from spectrometry studies.
The surface morphology of nanocomposites prepared using PMMA and two kinds of AgNPs were examined by SEM. Neat PMMA membrane exhibited solvent evaporation induced smooth blind pores all over the surface. The low boiling point of used solvent might have resulted in rapid evaporation and thereby the appearance of pores in the thin films (Qian et al. 2010) . The addition of the filler resulted in larger pores surrounded by white aggregates, which could be the added AgNPs. Upon filler addition, the boiling point of the solution might have increased to result in low evaporation rate and thereby larger but less number of pores. By the complete evaporation of the solvent, it might have favored the nanoparticles to assemble into the walls of micron sized pores. The MAgNPs, that appeared to be present along the pores of PMMA, could be due to its characteristic hydrophobic nature. However, majority of the CAgNPs were found to be accumulated in the cavity of the pores which points to the slight hydrophilic nature of these nanoparticles (Qian et al. 2010) . From the UV-Vis spectra of the nanocomposite, the characteristic SPR peak of the MAgNPs and CAgNPs in PMMA appear to have broadened. This could be due to decrease in surface plasmon resonance absorbance of the nanoparticles in the PMMA matrix (Mei et al. 2014 ).
The PMMA/MAgNPs membrane exhibited a promising zone of clearance in the disc diffusion assay, but PMMA/ CAgNPs showed no activity. The lack of activity of the CAgNPs incorporated membrane could be attributed to the presence of remnant of the curcuma extract as observed in the TEM micrographs (Fig. 3) . These remnants seem to have interfered the activity of silver nanoparticles. In addition to this, earlier studies also suggested high levels of interactions between the PMMA and curcumin due to the presence of large number of hydroxyl groups in these two moieties (Balakrishnan et al. 2013) . Such type of higher interaction between the PMMA and extract remnants seems to have a confinement effect on the Ag + ions, resulting in no visible microbicidal activity in the PMMA matrix.
Biofilm formation on the dental surface both on tooth and dental filling is a major concern nowadays. Both PMMA/ AgNPs and PMMA/CAgNPs exhibited excellent antibiofilm properties as evidenced from the SEM micrographs (Fig. 8) . The PMMA/CAgNPs exhibited strong antibiofilm properties but it did not show any antimicrobial property against S. mutans. Phytochemicals such as curcumin has been demonstrated to eradicate biofilms by interfering with the quorum sensing signaling systems (Loo et al. 2015; Méndez-Vilas 2011) . The TEM micrographs (Fig. 3) of CAgNPs also showed the association of remnants of the extract with the formed AgNPs. Therefore, these moieties could also have contributed to the inhibition of microbial biofilms.
The microbially synthesized AgNPs have already been suggested to be more efficient and safer than the chemically synthesized AgNPs (Antony et al. 2011; Saifuddin et al. 2009 ). The potency and effectiveness of MAgNPs when compared to CAgNPs against microorganisms has been shown to be mechanistically different (Thomas et al. 2017) . In a polymer matrix also, the MAgNPs exhibited excellent antimicrobial and antibiofilm properties asserting its effectiveness for dental application.
Conclusion
From the current study, the AgNPs synthesized using B. amyloliquefaciens SJ14 can be suggested to have superior antimicrobial and antibiofilm activities when compared to those synthesized using C. aromatica extract. The antimicrobial activity of the MAgNPs was more pronounced both alone as well as in the PMMA matrix. Thus, it can have promise as effective filler for the next generation of dental adhesive materials. The applications of AgNPs of microbial origin can be further extended to other medical device coatings, films, and household amenities which require strong and safe bactericidal surface. 
